Abstract-The seasonal variations of estrogenic compounds and the estrogenicities of influent and effluent were investigated by chemical analysis and in vitro assay in a municipal sewage treatment plant in Wuhan (China). The levels of eight estrogenic compounds, including 17␤-estradiol (E 2 ), estrone (E 1 ), estriol (E 3 ), diethylstilbestrol (DES), 17␣-ethinylestradiol, nonylphenol (NP), 4-tert-octylphenol (OP), and bisphenol A (BPA), were measured by gas chromatography-mass spectrometry. Total estrogenic activity of sewage was quantitatively assessed using primary cultured hepatocytes of male Megalobrama amblycephala Yih using vitellogenin as a biomarker. The E 2 equivalents (EEQs) obtained from the chemical analysis were consistent with those measured by bioassay. The natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens, as well as NP, were the main contributors of the total EEQs of influent and effluent in the present study. The levels of natural estrogens E 1 and E 3 in the influent and effluent were higher in winter than in summer, whereas the situation for NP and OP was the reverse. The levels of E 2 , DES, and BPA varied little among different seasons. 17␣-Ethinylestradiol was not detected in the influent and effluent. The estrogenicities of the influent and of the primary and secondary effluents were all higher in summer than in winter. Estrogenic activities in winter mainly originated from natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens, whereas the increase of EEQs in summer was contributed by NP. The results from chemical analysis and bioassay demonstrate that estrogenic compounds cannot be entirely removed by the existing sewage treatment process, which should be further improved to protect aquatic ecosystems and human health.
INTRODUCTION
In recent years, feminization of male fish has been observed in freshwater and estuarine environments of several countries [1] [2] [3] [4] . The phenomenon results from disturbance of the male reproductive system, which is believed to be caused by estrogenic compounds in the aquatic environment. The representatives of the four main classes-natural steroidal estrogens (e.g., 17␤-estradiol [ [5, 6] . The majority of estrogenic compounds are discharged into the aquatic environment through wastewater. These chemicals can still be detected in effluent of sewage treatment plants (STPs). A range of ng/L to g/L of estrogenic compounds has been reported in sewage and surface waters [7, 8] . The natural and synthetic estrogens generally display much stronger estrogenic effects compared with the xenoestrogens; however, the concentrations of the latter compounds in the aquatic environment usually are several orders of magnitude greater than those of the natural and synthetic estrogens. Vitellogenin (VTG) has been used as a biomarker for exposure to (anti-)estrogenic compounds in several in vivo and in vitro studies with fish [2, [9] [10] [11] ]. An egg yolk precursor, VTG normally is produced in oviparous females as a response to estrogens circulating in the plasma. In normal conditions, males do not synthesize this protein because of the very low levels of this hormone in the plasma. They do, however, have the potential to synthesize it to the same degree as females as a consequence of exposure to estrogenic compounds [6] . Thus, the presence of plasma VTG in male fish has been proposed and broadly accepted as a specific biomarker of estrogen exposure in aquatic systems. The relevance of in vitro data about VTG production is greatly enhanced by the fact that they can be compared to in vivo vitellogenesis in the same animal model [9, 10] .
Although much effort has been made to identify the estrogenic substances in treated wastewater and rivers responsible for the reproductive disturbances observed in male fish, the results do not show a uniform picture. Bioassay-directed fractionation of STP effluents revealed the natural and synthetic estrogens as being the compounds mainly responsible for the estrogenic activity measured in a yeast reporter gene assay [12] . On the other hand, high concentrations of NP and nonylphenol monoethoxylate have been found in rivers and STP discharges that exceed the threshold levels for induction of vitellogenesis in adult male fish [13] . Characterization of seasonal changes in estrogenic effect is an important aspect for evaluating temporal variations of aquatic environmental pollution resulting from anthropogenic inputs; however, little is known about their seasonal variations in terms of concentration and estrogenic effect in sewage.
The aim of the present study was to investigate the seasonal It is a native species and is distributed in the lakes of middle-lower reaches of Yangtze River. The fish is broadly used as a food fish and as an important protein resource in China. The species probably is threatened by estrogenic compounds in the aquatic environment. Therefore, the fish was employed to assess the estrogenic effect in the present study.
MATERIALS AND METHODS

Chemicals and reagents
The estrogenic compounds (E 2 , E 1 , E 3 , DES, EE 2 , NP, OP, and BPA) were purchased from Sigma (St. Luis, MO, USA). Silylation reagent N-methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) and surrogate standard 17␤-estradiol-2,4,16,16-d 4 (E 2 -d 4 ) were obtained from Sigma and Cambridge, respectively. Dulbecco's modified Eagle's medium/nutrient mixture F-12 Ham (DMEM/F12) culture medium (with L-glutamine and 15 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid [HEPES] without phenol red and sodium bicarbonate) was obtained from Sigma. The culture medium and phosphate-buffered saline were adjusted to pH 7.4. All organic solvents were of pesticide grade. The chemicals were dissolved in methanol for chemical analysis and in dimethyl sulfoxide (DMSO) for bioassay. In bioassay, the final concentrations in the medium were 0.2 nM to 5 M for E 2 , 2 nM to 10 M for E 1 , 2 nM to 10 M for E 3 , 0.2 nM to 5 M for EE 2 , 0.2 nM to 2 M for DES, 1 to 2,000 M for NP, 1 o 2,000 M for OP, and 1 to 2,000 M for BPA.
Sampling and pretreatment
The capacity of Wuhan Shahu STP is 100,000 m 3 /d with primary and secondary treatment. Approximately 75% of the sewage is of domestic origin, whereas 25% originates from industry. Altogether, 23 samplings of the influent, primary effluent, and secondary effluent were taken during the period from December 2004 to August 2005. To lessen the influence of diurnal changes as much as possible, a grab sample was taken both in the morning (between 8:30 and 11:30 AM) and in the afternoon (between 2:00 and 4:00 PM), and an equal volume of each sample was mixed together to make a composite sample just before concentration. The samples were collected in precleaned amber-glass bottles, refrigerated, and transported to the laboratory. The pretreatment method of the samples has been described in detail by Jin et al. [14] . Briefly, the samples were adjusted to pH 3 using 1 M hydrochloric acid to prevent biological degradation and then stored at 4ЊC until extraction (within 1 or 2 d). The samples were then filtered through glass microfiber filters (pore size, 0.7 m; Whatman, Maidstone, UK). After filtration, the samples were spiked with E 2 -d 4 at the 75 ng/L level. Then, the samples were concentrated with Oasis HLB solid-phase extraction cartridges (Waters, Milford, MA, USA) [15] . The cartridges were first sequentially preconditioned with ethyl acetate, methanol, and ultrapure Millipore-Q water (Millipore, Billerica, MA, USA) adjusted to pH 3. After loading samples, the cartridges were dried with a stream of nitrogen for 30 min and eluted with ethyl acetate. The extract was reduced to approximately 0.2 ml and further cleaned up by passing it through a 500-mg silica cartridge (previously conditioned with 5 ml of ethyl acetate). Analytes were then eluted with 10 ml of ethyl acetate. Each extract was evaporated to 50 l with a gentle stream of nitrogen for derivatization. For in vitro assay, the treatments of samples were similar to that for chemical analysis without spiking with E 2 -d 4 . Moreover, each extract for in vitro assay was evaporated to dryness and transferred into 50 l of DMSO. All extracts were stored in glass vials (silanized by tetramethylsilane) at Ϫ80ЊC until testing. In addition, procedural blanks were conducted for each batch of samples to ensure minimal contamination by using ultrapure Millipore-Q water with the same procedure as used for the real samples.
Chemical analysis of estrogenic compounds
The analytical equipment and method have been described in detail by Jin et al. [14] . Briefly, the 50-l extract was derivatized with 100 l of MSTFA at 80ЊC for 100 min. The derivatives of target compounds were determined by an Agilent 6890/5973 (Wilmington, DE, USA) equipped with a HP-5MS column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m). Helium was used as the carrier gas, with a column flow rate of 1.0 ml/min in constant-flow mode. Injector temperature was 260ЊC. The gas chromatography oventemperature program was 1 min at 100ЊC, first ramp at 10ЊC/ min to 200ЊC, second ramp at 3ЊC/min to 280ЊC, and a hold for 20 min. The gas chromatography-mass spectrometry interface and the ion-source temperature were set at 280 and 250ЊC, respectively. The mass spectrometer was operated in the selected-ion monitoring mode with electron-impact ionization (ionization voltage, 70 eV).
Four spike-recovery experiments were performed for each different kind of sample. Analyte recoveries ranged from 65.4% Ϯ 4.0% to 110.0% Ϯ 4.5%. The linear correlation coefficients were determined to be 0.996 or higher for all the compounds by seven injections of standard solution at each concentration. The relative standard deviation of each analyte was lower than 8% (n ϭ 7).The quantification limits for STP samples ranged between 1.0 and 7.5 ng/L.
In vitro assay
Each sample extract was added into 4.95 ml of DMEM/ F12 medium with 5% fetal bovine serum and then filtered through a Millex-GV filter (pore size, 0.22 m; Millipore). These stock solutions were diluted 2-to 20,000-fold with the medium. The maximum solvent concentration in the culture medium did not exceed 0.1%, a concentration that did not affect VTG induction of cultured fish hepatocytes.
Mature, male M. amblycephala Yih were collected from Liangzi Lake in Hubei province and maintained at 25ЊC in freshwater tanks. The isolation of male M. amblycephala Yih hepatocytes was carried out according to the method described by Smeets et al. [10] . After isolation, the primary hepatocytes were seeded in 96-well tissue-culture plates at 2 ϫ 10 5 cells/ well and cultured in phenol red-free DMEM/F12 medium with 5% fetal bovine serum, 50 mg/L of gentamicin, 1 M insulin, 10 M hydrocortisone, and 2 mg/L of the protease-inhibitor aprotinin at 24ЊC. When the cells attached to the well wall and formed a monolayer of 50 to 60% confluency, the medium was removed and replaced with fresh medium containing a series concentration of sample extract, chemical standard, or solvent only. Each concentration was tested in six wells. 17␤-Estradiol was tested in each plate as a reference. Control cells in these experiments were exposed to 0.5 l of DMSO. After exposure for 4 d, the concentrations of VTG in the medium were measured using an indirect enzyme-linked immunosorbant assay [16] . The detection limit of the enzyme-linked immunosorbant assay was 4 ng/ml. The VTG level in medium samples of the hepatocyte assay was assessed by comparing the fluorescence values of the diluted medium samples to those of the standard curve. The results of each experiment were normalized to the level of VTG induced by 5 M E 2 . They are expressed as a percentage of this level for comparison purposes.
17␤-Estradiol equivalent calculation
To establish an accurate database for the quantitative comparison of in vitro assay and chemical analysis results, the estrogenic potencies to induce VTG of the compounds, which were analyzed in the sewage samples by gas chromatographymass spectrometry, were determined relative to that of E 2 using in vitro assays. The estrogenic potency of a single chemical during an in vitro assay was expressed by its 17␤-estradiol equivalency factor (EEF). The estrogenic equivalency factor was calculated from the quotient of the median effective concentration (EC50) of E 2 and the test compound.
The estrogenic activity of a sewage sample was evaluated quantitatively by determination of the E 2 equivalents (EEQ). The EEQ is calculated directly by comparing the EC50 of E 2 and the EC50 of the sewage sample.
Statistics
Statistical analyses were performed using Origin 7.0 software (OriginLab, Northampton, MA, USA). Analysis of variance was performed with a significance level of p Ͻ 0.05, and the Student's t test was used when appropriate.
RESULTS AND DISCUSSION
Seasonal variations of estrogenic compounds in influent and effluent
To understand seasonal distribution levels of estrogenic compounds in STP, sewage samples from December 2004 to August 2005 were analyzed. The results are shown in Figure  1 and Table 1 . Removal rates of each compound were calculated based on the compound concentration in the effluent and influent for each day. The effluent samples with a concentration less than the quantification limit were calculated by using the half the quantification limit values (i.e., 0.5 ng/L) for the effluent concentration. In all samples, EE 2 was below the quantification limit (2.2 ng/L). In most cases, the influent concentrations of E 1 and E 3 were higher than those of E 2 , and the concentrations of DES were almost below 10 ng/L. The median influent concentrations of natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens were 38.6, 21.4, 53.9, and 7.2 ng/L, respectively. The influent concentrations of OP, NP, and BPA were higher significantly than those of natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens. The median influent concentrations of OP, NP, and BPA were 123.7, 24,791.6, and 421.5 ng/L, respectively. Significant differences were found among concentrations of these estrogenic compounds in the influent, primary effluent, and secondary effluent (Student's t test, p Ͻ 0.05). After primary treatment, however, the concentrations of these compounds declined little. The secondary effluent concentrations of these compounds were decreased significantly. The median secondary effluent concentrations of natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens were 38.6, 21.4, 53.9, and 7.2 ng/L, respectively. The concentrations of OP, NP, and BPA in the secondary effluent were higher significantly than those of natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens. The secondary effluent concentrations of E 1 and E 2 ranged from 7.2 to 31.5 ng/L and from less than 0.5 to 8.6 ng/L, respectively. Most of the secondary effluent concentrations of E 3 were less than the quantification limit. The median secondary effluent concentrations of OP, NP, and BPA were 57.2, 4,292.6, and 39.8 ng/L, respectively. The results indicated the secondary treatment had more potential than the primary treatment to remove the estrogenic compounds in the sewage.
In recent years, many studies have focused on the estrogenic compounds in the influents and effluents from STPs by biological and chemical analysis [3, 4, 7, 8, 12, 13] as well as on the estimation of the possible effects on health and reproduction of freshwater fish [3, 11] . The reported ranges of steroidal compounds were 1 to 10 ng/L for E 2 , 5 to 20 ng/L for E 1 , and less than 0.1 to 1 ng/L for EE 2 in effluents [7, 8, 17, 18] . Estrone often was detected in the influent and effluent samples, which might reflect the relatively fast conversion of E 2 to E 1 . The concentrations of E 3 in secondary effluent normally were lower than E 1 because of the fast degradation in sewage processing. Estriol, however, could be expected to present in the influent at a higher concentration than E 1 , because it was excreted at a higher concentration from women [19] . The typical range of E 3 was less than 0.1 to 42 ng/L in effluent [20] . The concentrations of natural (E 1 , E 2 , and E 3 ) and synthetic (EE 2 ) estrogens detected in the present study were similar to these reported results. Compared to steroidal compounds, NP and OP, the two most frequently encountered alkylphenols in sewage effluent, generally were detected at higher concentrationseven at the g/L level. Concentrations of between 6 and 289 g/L for NP and between 0.0022 and 73 g/L for OP have been reported [18, 21] . Bisphenol A usually is reported to be less than 1 g/L in sewage effluent [18] . The concentrations of NP, OP, and BPA detected in the present study were in the concentration ranges reported from wastewater treatment plants in Germany [18] and Spain [21] .
To our knowledge, however, few studies have focused on seasonal variation of estrogenic activity in the influent and effluent. In the present study, the seasonal variation of estrogenic activity was determined in the influent, primary effluent, and secondary effluent by both chemical analysis and bioassay. Comparing the concentrations of these compounds in winter with those in summer, we found significant differences for OP, NP, E 1 , and E 3 but not for E 2 , DES, and BPA (Student's t test, p Ͻ 0.05). Based on the results of seasonal comparisons, the concentrations of OP and NP were highest in summer (July and August) and lowest in winter (December and January). Li et al. [22] reported a similar trend in Han River (Korea), suggesting that usage of APEOs in general and the activity of microorganism in the riverine system might play a role in the levels of NP. The seasonal variation of NP and OP levels principally results from microbial activity. Several papers have reported that APEOs rapidly degraded into NP and shortened alkylphenol ethoxylates at high temperature, whereas the degradation rate became very slow at low temperatures [23, 24] . On the contrary, the influent levels of natural estrogens (E 1 and E 3 but not E 2 ) were higher in winter than in summer. One of the main reasons might be the rapid degradation of natural estrogens at high temperatures in summer [25] . The concentrations of E 2 , DES, and BPA varied little among different seasons. The reasons for this should be investigated further.
Compared with the results from other countries, it was worth noting that DES could be still detected in the sewage in China.
In fact, hormone abuse and/or illegal use of animal-feed additives continues in China. Therefore, the sources of DES should be explored in more detailed investigations. Furthermore, many studies have reported that the majority of estrogenic compounds could be removed after primary and secondary treatment in STPs [26, 27] . The median removal rates were 78.7% for E 2 and 65.8% for E 1 . Estriol was removed more effectively than E 1 and E 2 , and the removal rates for E 3 were mostly greater than 95%. The removal rate of DES was the lowest (50.8%). The removal rates of OP, NP, and BPA were 58.3, 77.9, and 90.6%, respectively. A small percentage of these compounds, however, still discharged into the aquatic environment without further treatment. Residues of NP, OP, BPA, E 1 , E 2 , E 3 , and DES were detected in the secondary effluent, and their estrogenic activities were confirmed in the present study. If discharged into the aquatic environment, these compounds would lead to adverse effects on organisms [1, 2] . Some male fish held in effluents from STPs [2] or in sewage effluent-receiving rivers [3] showed a pronounced increase of plasma VTG levels. We also exposed Chinese rare minnow to the effluent of the Wuhan Shahu STP and found significant vitellogenesis in males (S.W. Jin, F.X. Yang, Y. Xu, State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, Hubei, China, unpublished data). Tertiary treatment has been suggested to apply in further removal of estrogens by STPs [28] . The effluent concentrations of estrogens and alkylphenol compounds decrease further by using some tertiary treatment process, such as tertiary lagoons, microfiltration, reverse osmosis, and ultraviolet light. For example, effluent concentrations of E 2 were less than 0.32 ng/L after reverse osmosis in Californian STPs [26] . Therefore, it is necessary to establish advanced treatment systems to remove estrogenic compounds in Chinese STPs.
17␤-Estradiol equivalency factor of chemical standard
The dose-response relationships of VTG induction for eight estrogenic compounds were established after 96 h of exposure in primary cultured hepatocytes of male M. amblycephala Yih (Fig. 2) . The results showed that all compounds had the ability to induce VTG. Clearly, however, the estrogenic potency was different for each compound according to the dose-response relationship. The estrogenic potency relative to E 2 (EEF) and the EC50 of each compound are given in Table 2 . The estrogenic potencies relative to E 2 of the natural (E 1 and E 3 ) and synthetic (EE 2 ) estrogens were higher in the present assay than those obtained previously using the E-Screen assay [28, 29] . The estrogenic potencies of NP, OP, and BPA were more than four to five orders of magnitude lower in comparison to that of E 2 . The synthetic estrogens DES and EE 2 were more potent 
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Ϫ5 a E 1 ϭ estrone; E 2 ϭ 17␤-estradiol; E 3 ϭ estriol; DES ϭ diethylstilbestrol; EE 2 ϭ 17␣-ethinylestradiol; NP ϭ nonylphenol; OP ϭ 4-tertoctylphenol; BPA ϭ bisphenol A. b Obtained from bioassay with hepatocytes in the present study. c Körner et al. [28] . d Gutendorf et al. [29] . than E 2 , whereas the estrogenic potency of E 1 and E 3 was onefourth and one-fifth that of E 2 .
17␤-Estradiol equivalents of sewage estimated from in vitro assay
The dose-response relationships of VTG induction by the influent, primary effluent, and secondary effluent are shown in Figure 3 . The EEQs of sewage samples are summarized in Table 3 . The EEQs of the effluent in the present study were higher than those in a preliminary study with E-Screen to assess the estrogenicity of effluent. The EEQs of between 0.2 and 7.8 ng/L were detected (median, 1.6 ng/L) in effluents from 16 municipal and two industrial STPs in the state of Baden-Wüttemberg (Germany) [28] . One of the main reasons is that the EEQs of effluent depend, to a certain extent, on the level of applied technology in STPs. Different operating conditions in STPs, such as temperature and loading rate, will have an important bearing on plant efficiency and, thereby, on the removal of estrogenic compounds. Little information, however, is known about the operating conditions in the studies of STPs. The other main reason is major local anthropogenic inputs. The influent concentrations of estrogenic compounds are related to population density and daily living habits.
The estrogenicity of sewage effluent usually was attributed mainly to the natural and synthetic estrogens. Desbrow et al. [12] demonstrated that estrogenic activities of sewage effluents from STPs that were discharged into English rivers originated from E 2 , E 1 , and EE 2 . 17␤-Estradiol and E 1 were detected in all samples at concentrations of from 1 to 48 and from 1 to 76 ng/L, respectively, whereas in the same study, EE 2 was detected in three effluents at concentrations of 0.2 to 7.0 ng/L. The EEQs of sewage in winter were in accordance with the results reported in other studies [12, 28] ; however, the EEQs in summer were higher than those in winter. The possible causes of this will be discussed below.
Comparison of EEQs
The additive behavior of the estrogenic activity of single substances in a mixture has been demonstrated and is the basis for quantitatively assessing the total contents of estrogenic substances in an environmental sample by the use of in vitro assays [28] . For each estrogenic compound detected in a sewage sample, we multiplied the concentration with its EEF as determined by in vitro assay experiments and obtained an EEQ for the chemical. The total EEQ was the sum of the single EEQs of eight estrogenic compounds:
The EEQs of each compound in different seasons is summarized in Table 4 . The seasonal variations in EEQs of all sewage samples calculated from chemical analysis are shown in Figure  1 . The EEQ levels in summer were higher than those in winter. According to the results, the estrogenicity of the influent and effluent in winter mainly originated from natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens. 21.4%, respectively, in the influent in winter; however, NP only contributed 5.8% to the total EEQ. The contributions of OP and BPA could be ignored. The tendencies in the primary and secondary effluents were same as those in the influent. The source of estrogenic activity, however, varied in the influent and effluent in summer. The proportion of NP increased to 48.13% in the influent and 53.3% in the secondary effluent. The estrogenicities of the influent and effluent in summer originated from the contributions of both natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens and NP together.
The EEQs also were compared in the influent and effluent obtained from chemical analysis and bioassay (Table 3 ). The EEQs calculated by addition of each EEQ of eight estrogenic compounds according to their chemical concentrations were consistent with those measured by bioassay. The results showed that natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens as well as NP were the main contributors of estrogenicity in sewage in our chemical analysis. The EEQs calculated according the concentrations of compounds, however, were all lower than those obtained from bioassay. On average, the former was 15.4% less than the later. The most probable causes was the absence of other compounds with estrogenicity in chemical analysis, such as phytoestrogens. According to Bacaloni et al. [30] , the average concentration of isoflavones and coumestrol found in wastewater STP influent and effluent ranged from 12 to 454 and from 5 to 54 ng/L, respectively. Furthermore, some studies suggested, in some cases, the synergic estrogenic potency of these compounds instead of the additive potency. Synergy was observed with combinations of 17␣-estradiol plus E 1 and E 2 plus 17␣-estradiol in yeast test [31] . So, the estrogenic activity in the influent and effluent would be underestimated if only the eight estrogenic compounds were measured or if estrogenic activity was calculated by the addition of each compound's EEQ.
CONCLUSION
The seasonal variations of estrogenicity in the influent and effluent from a municipal STP in Wuhan (China) were assessed by chemical analysis and in vitro assay. The EEQs calculated by chemical analysis were in accordance with those measured by in vitro assay. The sources of estrogenic activity were varied in summer and winter. The natural (E 1 , E 2 , and E 3 ) and synthetic (DES) estrogens were the main contributors to estrogenicity in winter, whereas increased NP enhanced the estrogenicities of the influent and effluent in summer. The concentrations of estrogenic compounds in the influent and effluent were high enough to induce estrogenic effects in fish. Sewage was a widespread source for the continuous input of estrogenic compounds into the aquatic environment. The existing sewage treatment technology should be improved and the estrogenic risk of effluent assessed in China.
